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Description 

The present invention relates, generally, to self-supporting porous ceramic composites having a dense 
skin or dense surface layer, and to methods for producing such articles in near net shape, which exhibit 
5 Improved wear, strength, and thermal properties. 

The subject matter of this application is related to EP-A-155 831, which discloses the method of 
producing self-supporting ceramic bodies grown as the oxidation reaction product from a parent metal 
precursor. Molten parent metal is reacted with a vapor-phase oxidant to form an oxidation reaction product, 
and the metal migrates through the oxidation product toward the oxidant thereby continuously developing a 
10 ceramic polycrystalline body which can be produced having an interconnected, metallic component. The 
process may be enhanced by the use of an alloyed dopant, such as in the case of an aluminum parent 
metal oxidized in. air. This method was improved by the use of external dopants applied to the surface of 
the precursor metal as disclosed in EP-A-169 067. 

The subject matter of. this application is also related to that of EP-A-193 292 which discloses a novel 
75 method for producing self-supporting ceramic composites by growing an oxidation reaction product from a 
parent metal into a permeable mass of filler; thereby infiltrating the filler with a ceramic matrix. - 

Composite bodies comprising a metal boride, a metal component and, optionally, an inert filler are 
disclosed in EP-A-239 520 (not prepublished). According to this invention, molten parent metal infiltrates a 
mass of a boron source, which may be admixed with an inert filler, and reacts with the boron source 
20 tliereby forming a parent metal boride. The conditions are controlled to yield a composite body containing 
varying volume percents of ceramic and metal. 

Common to each of these Commonly Owned Patent Applications is the disclosure of embodiments of a 
ceramic body comprising an oxidation reaction product interconnected in one or more dimensions (usually 
in three dimensions) and one or more metallic constituents or components. The volume of metal, which 
25 typically includes non-oxidized constituents of the parent metal and/or metal reduced from an oxidant or 
filler, depends on such factors as the temperature at which the oxidation reaction product is formed, the 
length of time at which the oxidation reaction is allowed to proceed, the composition of the parent metal, the 
presence of dopant materials, the presence of reduced constituents of any oxidant or filler niaterials, etc. 
The entire disclosure of all of the foregoing Commonly Owned Patent Applications are expressly 
30 incorporated herein by reference. 

Background and Prior Art 

In recent years, there has been an increasing interest in the use of ceramic materials as structural 
35 components in environments historically dominated by metallic members. The impetus for this interest has 
been the superiority of ceramics when compared with nnetals with respect to certain properties such as 
corrosion resistance, hardness, modulus of elasticity, thermal insulation or conduction properties, and^ 
refractory capabilities . As a consequence, ceramics have been selected, or are under development, for use 
as engine components, heat exchangers, cutting tools, bearings and wear surfaces, pumps and marine 
40 hardware. 

From among the enumerated fields of utility, the integration of ceramic materials into internal combus- 
tion engines offers a significant opportunity for functional improvement and resultant efficiency. Ceramics 
have lower coefficients of friction than metals contributing to mechanical properties which are superior to 
those of mating metals, which is true even in the high temperature environment of an internal combustion 

45 engine. Ceramics also exhibit more favorable characteristics respecting dimensional stability over the wide 
temperature ranges encountered. Certain ceramics are thermal insulators when compared with metals, and 
this too provides an opportunity for improved engine efficiencies since a large proportion (reportedly as high 
as about 75%) of the energy of fuel can be lost as waste heat. The goal of designing an adiabatic internal 
combustion engine employing ceramics, with their low thermal conductivity but good dimensional stability, 

50 becomes close to realization in efforts to utilize more completely the energy value of the combusted fuel , 
Accordingly, advances in ceramic material development are being driven by long-felt pragmatic needs. 

Other properties of ceramic components, however, have limited their full involvement in certain hostile 
environments calling for members which possess good structural integrity, with reduced tendencies toward 
wear from erosion or cavitation. Of course, fully densified ceramic materials may meet some of these 

55 requirements; however, manufacturing fully dense ceramics, and particularly those having any complexity of 
shape, is difficult when low-cost reproducibility part-to-part in mass production are also requirements. 
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Limited success has been attained in efforts to manufacture dense ceramic components, wliether as an 
integral article or as a composite. One such approach is disclosed in U.S. Patent 3.437,468 to Seufert. This 
patent relates to alumina/spinel ceramic composites. The process disclosed includes establishing a molten 
pool of aluminum covered with a thick layer of finely divided magnesium silicate particulate. Molten 

5 aluminum is transported through the particulate layer wherein It is partially oxidized via the oxidation- 
reduction of aluminum and magnesium silicate as well as oxidation via atmospheric oxygen. The process 
ultimately yields a composite of multiple oxide phases and metal phases; namely, spinel, alpha-aluminum, 
free silicon and/or a silicon/aluminum phase reported as an intermetallic, usually also including elemental or 
free aluminum. The reaction tends to be slow, and oxidation is promoted such as by means of an alkali 

70 metal oxide. The product is recovered and ground to a desired particle size, and then mixed with suitable 
resins to form molded, high-friction articles. 

There have been other attempts to produce ceramic structures more nearly approximating the net 
shape of the desired article by using particulate precursor metal and air oxidation. U.S. Patent 3,255,027 to 
Talsma, U.S. Patent 3,473.938 to Oberlin. and U.S. Patent 3,473.987 to Sowards disclose such processes 

15 for making integral skeletal structures, e.g. honeycomb. In the '027 patent, particulate aluminum or 
aluminum alloy is combined with a metallic oxide fluxing agent, and also may include a particulate filler 
refractory. The admixture is oxidized to convert the aluminum to corundum. A generally porous structure is 
developed having intrinsically low strength properties. 

The invention of the '027 patent is characterized by its assignee as producing a structure having an 

20 interior void. The '938 patent proposes to overcome this drawback by incorporating within the initial mix a 
vanadium compound which, under process conditions, causes the formation of alumina bridges. The '987 
patent also purports to improve the strength of the double-walled alumina product of Talsma by the in situ 
oxidation of aluminum templates if the templates are coated with aluminum powder, a fluxing agent, "anTi 
refractory filler. 

25 U.S. Patent 3.298,842 to Seufert .discloses .a method for forming hollow refractory particles such as 
hollow alumina particles. A porous admixture of aluminum particles or aluminum alloy particles, a refractory 
diluent, and a catalyst is heated in air to a temperature above about 650 • C but below that at which self- 
bonding or sintering of the refractory diluent would occur. The metallic particles oxidize at their surfaces, 
consuming the free metal and leaving behind a void to yield the hollow refractory particles which are 

30 physically separated from the refractory diluent. The diluent may be inert or reactive within that process; 
when the former, it is present in an amount of at least five times the volume of the metallic constituent, in 
the latter it is present in an amount at least seven times that of the metallic component. These substantial 
proportions of diluent are necessary to minimize agglomeration of the oxidized particles and, accordingly, to 
avoid a continuously bonded structure which would render recovery of .the desired alumina particles more 

35 difficult. Further along these lines, the admixture is fired in a relatively uncompacted form to reduce 
tendencies toward diluent bonding while promoting ready access of the oxidant to the aluminum of the 
admixture. Porosities of at least 60%, and more preferably 70%. are recommended by that patentee. 

While much attention has been paid and considerable efforts devoted to the fabrication of ceramic 
articles, including the manufacture of ceramic articles by in situ oxidation of precursor metals, these 

40 previous attempts have been lacking on one or more respectFwitF regard to the development of products 
having structural integrity rendering them suitable as articles of commerce. For example, the migration of 
aluminum from a foil configuration to develop a double-walled ceramic structure severely handicaps an 
article manufactured in that way from adaptation as a structural component for lack of strength, particularly 
compressive and/or flexural strengths. Certain of the fabrication techniques themselves are cumbersome. 

45 requiring repetitive coatings of templates or the like interspersed with drying steps. 

A further deficiency of past approaches utilizing in situ oxidation of powders, foils and wires to create 
ceramic bodies has been exceedingly poor contact weaFand erosion resistance of such bodies. It is the 
inherent porosity of the products of the prior art which is responsible for their poor structural and wear 
properties and this has greatly limited any practical utility of such inventions. 

50 Those approaches which oxidize a template and thus strive to attain that goal are limited to producing 
inherently weak structures. On the other hand, other efforts which have to date yielded ceramic structural 
components of acceptable strength have been limited to manufacturing processes requiring high pressures 
and temperatures in order to accomplish sintering and densification of their constituents, making their costs 
disadvantageous. Accordingly, the art, is. in the main, lacking in respect of efficient methods for producing 

55 useful structural articles. 
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Summary of the Invention 

The present invention provides self-supporting ceramic articles having a porous core enveloped by or 
bearing a relatively dense skin on at least one surface, to yield a ceramic structure exhibiting desired 
5 properties such as improved wear and thermal properties. Further, the ceramic articles produced in 
accordance with the present invention are capable of serving in a structural role, due to the load-carrying 
capacity of the dense skin. In a preferred embodiment, the product of the present invention has a porous 
core surrounded by a substantially dense, wear-resistant, higher strength layer which approximates about 5- 
15% of the thickness of the wall of the ceramic article. 

10 Self-supporting ceramic composite articles having a porous core and bearing a dense surface layer 
formed integrally with the core are made by a controlled oxidation reaction of a parent metal with an oxidant 
to "grow" an oxidation reaction product. The method entails preparing a preform of a predetermined shape 
comprising a parent metal and a filler material wherein said parent metal Is distributed through said filler 
material. The volume percent of parent metal is sufficient to form a volume of oxidation reaction product 

15 which exceeds all potentially available spatial volume within the preform and therefore provides a residual 
volume of parent metal to undergo further oxidation reaction for development of the dense surface layer. 
That is, the volume percent of the oxidation reaction product resulting from the oxidation of parent metal is 
greater than any spatial volume initially present as porosity in the preform plus any spatial volume created 
within the preform by an reaction of the parent metal or its oxidation reaction product with the filler during 

20 the process of the present invention. Process conditions are controlled to maintain the parent metal in a 
molten state in the presence of the oxidant, with which it reacts on contact to form an oxidation reaction 
product. The process is continued to induce transport of the molten metal through the oxidation reaction 
product towards the oxidant to continue forming additional oxidation reaction product upon contact with the 
oxidant within the preform and to fill any pore volume therewith. Concurrently, voids are formed throughout 

25 the preform substantially or partially replicating the parent metal's configuration as it existed in the original 
preform. Once any initial pore volume of the preform is filled with oxidation reaction product, residual 
molten metal continues migration under the controlled process conditions through the oxidation reaction 
product and towards the oxidant to at least one surface of the preform to develop additional oxidation 
reaction product as a substantially dense layer overlaying and integral with the porous core which develops 

30 from the original preform. The dense layer or skin which overgrows the outer surface of the preform is 
substantially free of the voids which form by the inverse replication of the configuration of parent metal 
originally distributed through the preform, and therefore is substantially dense relative to the core. The 
resulting self-supporting composite possessing a dense outer layer exhibits superior wear and erosion 
properties relative to the porous core, and the porous core possesses or exhibits superior thermal insulating 

35 properties relative to the dense skin. Further, the composite body tends to have improved thermal 
conductivity in the directions parallel to its surface within the dense skin layer while maintaining lower 
thermal conductivity properties perpendicular to its surface through its porous core. These characteristics 
are governed, and the resultant properties of the finished article are tailored, in part by appropriate selection 
of the constituents of the preform, the oxidant or oxidants employed and of the process conditions. 

40 A further feature of the composite body of the present invention is the structural strength of the body, 
which is due to the denser, finer-grained microstructure of the skin relative to the core. Stresses upon a 
structural body such as torsional and bending stresses typically are maximixed in value at the surface of the 
structural body. Thus the strong, dense skin of the composite body of the present invention maximizes a 
potential for the otherwise weak, porous core to serve structural needs, while yet retaining the low thermal 

45 conductivity and light weight characteristics of the core. 

In fact, the very features described above and combined in the composite bodies of the present 
invention ideally suit the requirements for many hot zone components currently In demand for heat engines. 
For example, combustion chamber liners, cylinder liners, piston caps, exhaust port liners, exhaust manifolds 
and turbocharger housings are examples of heat engine components which desire high surface thermal 

50 conductivity in directions parallel to the surfaces of the component to prevent "hot spots" and excessive 
thermal stress, and low thermal conductivity in directions perpendicular to such surfaces to prevent damage 
to less heat-resistant components and/or prevent heat loss; high tensile, bend and compressive strengths to 
tolerate such stresses as combustion pressures, or stresses imposed on casting such components as 
inserts into metal castings; good wear characteristics such as either sliding contact wear (as in the case of a 

55 diesel engine cylinder liner) and/or erosion resistance to unburned combustion products such as carbon (as 
in the case of an exhaust port liner); low surface porosity to prevent condensed combustion products such 
as water from entering pores, then freezing and causing fracture; and light weight. 
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Typically, porous ceramic components are too weak to allow casting metals around them such as would 
be desirable for many heat engine applications. This is especially true of hollow porous structures such as 
ceramic exhause port liners, cylinder liners, combustion chambers, etc., which tend to crack and be 
crushed as the casting metal shrinks on cooling. It has been discovered that many of the products of the 
5 present invention have sufficient strength to permit such metal casting around them without fracture of 
disintegration. 

The preform for the process of the present Invention is comprised of a parent metal and a filler wherein 
said parent metal is distributed through said filler. The filler may be either nonreactive or reactive with the 
parent metal under the conditions of the process. In accordance with one embodiment of the invention, the 

70 preform may be comprised of an aluminum parent metal particulate and alumina filler particulate .which, 
under the process conditions described herein. Is a nonreactive admixture. In such embodiment one or 
more dopants as further described herein are employed, either alloyed into the aluminum parent metal or 
distributed through the filler, or both, in order to facilitate the oxidation of the parent metal and transport of 
the parent metal through its reaction product. This nonreactive admixture is treated by the oxidation reaction 

76 process as described to develop the porous ceramic with a dense surface layer. In an alternative 
embodiment, a reactive admixture may be comprised of a parent metal and a filler material having a 
metallic constituent which is reducible by the molten parent metal in an oxidation-reduction reaction. In that 
case, the parent metal is present in a stoichiometric excess over that necessary to react with the metallic 
compound constituent of the filler to ensure a sufficient volume of residual or unreacted parent metal for 

20 participation in the subsequent oxidation reaction to form the oxidation reaction product as the dense layer. 
In this alternate procedure, the preform is heated to a temperature sufficient to Initiate the oxidation- 
reduction reaction (i.e., a "reaction-effective" temperature) prior to any substantial atmospheric oxidation of 
the parent metal, whereby an oxidation-reduction product is first formed substantially through the bulk of the 
preform. In many cases, the oxidation-reduction reaction is exothermic, rapidly heating the preform and 

25 assisting in the conversion of the parent metal to its molten reactive form. In one variant of the present 
Invention, all steps following the oxidation-reduction reaction are conducted under substantially isothermal 
conditions; however, temperature variations may be introduced to control or tailor growth and microstructure 
of the surface layer. 

An article of near net shape may be obtained by suitable consolidation of the assemblage of parent 
30 metal and filler into a green preform having shape-sustaining characteristics and then controlling the 
reaction(s) which ensue upon heating. The pore volume of the preform is typically at least about 5% but is, 
more preferably, in the range of from about 25% to about 35%. That pore volume is balanced against the 
volume of reactive parent metal, the oxidation reaction product of which exceeds the pore volume; i.e.. there 
must be a sufficient quantity if metal to ensure that the oxidation reaction product, or the oxidation-reduction 
35 reaction product, fills these interstitial spaces (inter-particle pore volume plus any spatial volume created 
within the preform during the process) of the preform. Thereafter, the oxidation reaction product forms the 
dense surface. 

The dense layer is predominantly comprised of the oxidation reaction product. In addition, this dense 
layer may include, for example, residual parent metal, the reduced (metallic) constituent of any metallic 
40 compound which entered into the oxidation-reduction reaction, an alloy or intermetaliic compound between 
the parent metal and a constituent thereof or of any reduced metal, depending upon such factors as the 
type of filler used, the process conditions, and the use of dopant materials. The ceramic articles made from 
a nonreactive assemblage of parent metal and filler may comprise up to about 25% or more by volume of 
metallic constituents, preferably from about 5% to about 10%. These ceramic articles fabricated from 
45 reactive assemblages of parent metal and filler may comprise about 20% to atx)ut 40% or more of metallic 
constituents, but preferably about 25% to about 35%. 

Articles produced In accordance with the procedure summarized above, and particularly those denoted 
as preferred, exhibit substantially improved structural integrity over similar type articles of the prior art while 
possessing as well significantly enhanced thermal characteristics (e.g., insulating properties) coupled with 
50 good wear properties. Composite ceramic structures in accordance with the present Invention advanta- 
geously may function as structural components in heat engines and similar environments requiring such 
engineering characteristics as light weight, strength, wear, erosion, and corrosion. 

In this specification and the appended claims the following terms have the following meaning: 
"Ceramic" is not to be unduly construed as being limited to a ceramic body in the classical sense, that 
65 is. in the sense that is consists entirely of non-metallic and inorganic materials, but rather refers to a body 
which is predominantly ceramic with respect to either composition or dominant properties, although the 
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body may contain minor or substantial amounts of one or more metallic constituents derived from the 
parent metal, or reduced from the filler oxidant or a dopant, most typically within the range of from about 1- 
40% by volume, but may include still more metal. 

"Oxidation reaction product" means one or more metals in any oxidized state wherein the metal(s) have 

5 given up electrons to or shared electrons with another element, compound, or combination thereof. 
Accordingly, an "oxidation reaction product" under this definition includes the product of the reaction of one 
or more metals with an oxidant such as oxygen, nitrogen, a halogen, sulphur, phosphorus, arsenic, carbon, 
boron, selenium, tellurium, and compounds and combinations thereof including, for example, reducible 
metal compounds, methane, ethane, propane, acetylene, ethylene, propylene and mixtures such as air. 

10 H2/H2O and a CO/CO2, the latter two (i.e., H2/H2O and CO/CO2) being useful in reducing the oxygen 
activity of the environment. 

"Oxidant" means one or more suitable electron acceptors or electron sharers which will react with the 
parent metal under the present conditions, and may be a solid, a liquid, or a gas (vapor) or some 
combination of these (e.g., a solid and a gas) at the process conditions. This definition is meant to include a 

75 compound reducible by the parent metal. 

"Parent metal" refers to that metal, e.g. aluminum, titanium, silicon, zirconium, hafnium, tin, etc., which 
is the precursor for the polycrystalline oxidation reaction product, and includes that metal as a relatively 
pure metal, a commercially available metal with impurities and/or alloying constituents, or an alloy in which 
that metal precursor is the major constituent; and when a specified metal is mentioned as the parent metal, 

20 e.g. aluminum, the metal identified should be read with this definition in mind unless indicated othenwise by 
the context. 

The term "filler" as used herein is intended to include either single constituents or mixtures of 
constituents which may be either reactive or non-reactive, may be single or multi-phase, and may include 
no oxidant or one or more oxidants. Filler may be provided in a wide variety of forms, such as powders, 
25 flakes, platelets, microspheres, whiskers, bubbles, etc., and may be either dense or porous. 

Figure 1 is a photograph of the ceramic composite exhaust port liner of Example 1 below; 
Figure 2 is a photomicrograph of a cross-sectional view of the wall of the liner of Figure 1; 
Figure 3 is a photomicrograph of a cross-sectional view of the composite body of Example 2 below; 
Figure 4 is a photograph of ceramic composite exhaust port liners of Example 3 below; 
30 Figure 5 is a photomicrograph showing a skin of alpha-alumina containing metal on a ceramic body of 
Example 6 below; and 

Figure 6 is a photograph of the metal casting and exhaust port liner of Example 8 below. 
The ceramic composites made in accordance with the present invention are fabricated from a preform 
comprising a consolidated assemblage of a parent metal and a filler, wherein said parent metal is 

35 distributed through said filler. Examples of assemblages of a parent metal distributed through a filler would 
include, for example, parent metal powder mixed with a ceramic powder or a mixture of ceramic powders 
serving as filler. Other examples include a parent metal open-cell sponge whose cells are filled with a 
ceramic powder, or short metal fibers mixed with ceramic platelets, or a layup of metal screen layers filled 
in with ceramic whiskers, or an admixture of metal flake or metal shot with ceramic microspheres. The 

40 assemblage is fabricated to a desired shape to yield the preform. The preform Is provided with sufficient 
green strength to withstand handling, and preferably approximates the net shape of the ceramic article to be 
produced. The preform may be porous in the sense that it Is not fully dense but includes Interstitial pores 
between particles or elements of filler, and between particles or elements of parent metal and filler. In a 
preferred embodiment, there is sufficient porosity to render the preform permeable to a gaseous oxidant. 

45 Also, the preform is always permeable with respect to accommodating the development or growth of the 
oxidation reaction product as a matric within the preform without substantially disturbing, upsetting, or 
othenA^ise altering the basic configuration or geometry of the preform. Spatial volume available within the 
preform to the development of the oxidation reaction product matrix typically will be at least about 5% of 
the volume of the preform as a whole, and more preferably, at least 25% of the volume of the preform. A 

50 composite ceramic article of optimized strength and integrity results from a preform composition wherein 
the volume percent of parent metal undergoing oxidation with the oxidant to form the desired oxidation 
reaction product exceeds the pore volume of the preform, as explained below in greater detail. Accordingly, 
the spatial volume available to development of the oxidation reaction product matrix within the preform may 
range from about 5% to a practical limit of about 65%. and preferably lies within the range of from about 

55 .25% to about 35%. 

One or more oxidants can be employed in the process of the present invention. For example, a solid 
oxidant can constitute the filler, or be a constituent of the filler, and be employed simultaneous with, or 
Independently from, a vapor-phase oxidant. If the preform, for example, contains a solid oxidant and no 
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open porosity, the oxidation reaction product occurring within the preform will be the product of the parent 
metal and the solid oxident. If the preform is surrounded only by a vapor-phase oxidant, the dense skin 
which develops on the surface of the preform will be the oxidation reaction product of the parent metal and 
the vapor-phase oxidant. If the preform is surrounded by an inert gas and packed in a powder bed 
consisting of a solid oxidant, the dense skin layer which develops will be the oxidation reaction product of 
the parent metal and the powdered oxidant surrounding the preform. If an inert filler is mixed with the solid 
powdered oxidant surrounding the preform, a dense skin containing the inert filler is produced. A liquid 
oxidant may be employed by. for example, incorporating a solid oxidant as a filler constituent in the 
preform, which solid oxidant melts prior to reaching the process temperature. 

In a preferred embodiment, the preform is charged to a furnace, supplied with a vapor-phase oxidant, 
and elevated to the appropriate temperature interval to effect the conversion from a weak preform to a 
structural component. Depending upon the reactivity of the filler relative to the parent metal, the heating 
cycle may take different variations. In the preferred embodiment of this invention, the preform is charged to 
a furnace which has been preheated to the reaction temperature. If dopants are required, they are included 
in the preform or alloyed into the parent metal or both. The parent metal is melted, optimally without loss of 
the dimensional integrity of the preform, but the temperature is below the melting point of the oxidation 
reaction product and the filler. The molten parent metal reacts with the vapor-phase oxidant to form 
oxidation reaction product. The posorisy of the preform is sufficient to accommodate the oxidation reaction 
product without substantially disturbing or displacing the boundaries of the preform: Continued exposure of 
the molten parent metal to the oxidizing environment induces transport of molten metal through the 
oxidation reaction product, progressively drawing molten metal into and through the oxidation reaction 
product towards the oxidant atmosphere causing progressive growth of the polycrystalline oxidation reaction 
product. The oxidation reaction product grows into the interstitial spaces of the preform. Concurrently, voids 
(to be distinguished from pores) are created upon migration or transport of the molten metal, those voids 
tending to substantially inversely replicate the size and shape of the original parent metal particulate. The 
volume percent of parent metal is more than sufficient to form a volume of oxidation reaction product 
exceeding the initial pore volume of the preform, and thus utilizing this required excess of parent metal as 
compared with the initial pore volume ensures that the latter is filled with oxidation reaciton product during 
the process. If the volume percent of parent metal is too low, the resulting structure is weak because of an 
underdeveloped ceramic matrix, and further no dense skin will form. On the other hand, excessive parent 
metal may be undesirable in that the final product will contain too much metal for the end-use application. 
For an aluminum parent metal when reacted in air, a desirable range for this metal is about 30 to 50 volume 
percent of the growth preform. 

The initial growth of oxidation reaction product from the molten metal particulate fills the inter-particle 
pores of the preform and creates the voids, as noted above. Continuing the procedure promotes the 
continual migration of residual molten metal outwardly through the oxidation reaction product and towards at 
least one surface of the preform until growth of the oxidation reaction product has reached the surface(s). 
Oxidation reaction product then forms on the surface(s) of the preform. The resulting surface is dense 
relative to the subsurface zone or core of the finished composite body, because the oxidation reaction on 
the surface is occurring in the substantial absence of particulate parent metal which is the precursor. to the 
void, and thus the surface is substantially free of voids. Accordingly, the core of the finished composite 
body (i.e.. that portion or zone underlying the dense surface) is relatively porous due to the formation of 
voids; whereas the surface of the body is relatively dense, being comprised of the oxidation reaction 
product and any unreacted or non-oxidized metal constituents such as unoxidized parent metal. This dense 
skin is typically a small fraction of the product volume, depending largely on the volume fraction of parent 
metal in the preform, dimensional thickness of the final product, both controlled with respect to the intended 
and the end-use, and typically may range from about 0.1-1 millimeter, preferably 0.2-0.5 millimeter. In a 
structural component for use in a heat engine, and having a cross-sectional thickness of about 6.35 mm (1/4 
inch), the dense layer would typically have a thickness of about 0.2 millimeter. The dense skin is retained 
upon cooling, exhibiting substantially increased resistance to wear as compared to the porous core of the 
body, whether In terms of frictional wear or erosion wear, while the ceramic composite article overall 
possesses excellent thermal characteristics for structural applications. 

The resulting ceramic composite product includes a preform infiltrated to its boundaries by a ceramic 
matrix comprising a polycrystalline material consisting essentially of the oxidation reaction product of the 
parent metal with an oxidant and. optionally, one or more metallic constituents such as non-oxidized 
constituents of the parent metal or reduced constituents of the filler, or both. It further should be understood 
that voids are developed by a partial or essentially complete displacement of the parent metal particulate, 
but the volume percent of voids will depend largely on such conditions as temperature, time, type of parent 
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metal, volume fraction of parent metal, and dopant concentrations. Typically in these polycrystalline ceramic 
structures, the oxidation reaction product crystallites are interconnected in more than one dimension, 
preferably in three dimensions, and the metallic constituents resulting from the transport of molten parent 
metal may be at least partially interconnected. The ceramic composite product of this invention has 

5 generally well-defined boundaries and possesses the approximate dimensions and geometric configuration 
of the original preform overlaid by the developed dense skin layer. The polycrystalline ceramic composite 
comprises metallic constituents such as non-oxidized parent metal, the amount depending largely on such 
factors as process conditions, alloying constituents in the parent metal, and dopants, although in certain 
cases it may contain substantially no metal, as illustrated by Example 7 herein. The volume percent metal 

10 can be tailored to meet the desired end-use properties for the product, and for several applications, such as 
engine components, it is preferred to have a metal content in the finished component of about 5-10 percent 
or less. In accordance with this preferred embodiment, it will be observed that the filler is essentially 
nonreactive with the parent metal under the process conditions. Furtiier. although the Invention is described 
herein with particular emphasis to aluminum and specific embodiments of aluminum parent metal, this 

75 reference Is for illustration purposes only, and it is to be understood that other metals such as silicon, 
titanium, tin. zirconium, etc.. also can be employed which meet, or can be doped to meet, the criteria of this 
invention. Thus, in a specific embodiment, an aluminum parent metal in particulate form is admixed with an 
alumina particulate filler and consolidated to the permeable green preform. In the case of this embodiment, 
one or more dopants is employed as further described herein, either distributed through or constituted by 

20 the filler, or alloyed into the aluminum parent metal, or both. The preform may be created or formed into 
any predetermined or desired size or shape by any conventional method such as slipcasting, injection 
moulding, transfer molding, sediment casting, vacuum forming, etc., by processing any suitable filler 
material such as metal oxides, borides, carbides, and the like. The tiller may be bonded together to form 
tiie green preform with any suitable binding agent, e.g. polyvinyl alcohol or tiie like, which does not interfere 

25 with the reactions of the invention, or leave undesirable residual by-products within the ceramic composite 
product. 

Examples of materials useful in fabricating a prefornn in practicing the present invention, depending 
upon the parent metal and oxidation system chosen, may include one or more of aluminum oxide, silicon 
carbide, silicon aluminum oxynitride, zirconium oxide, zirconium boride. titanium nitride, barium titanate. 

30 boron nitride, silicon nitride, various ferrous alloys, e g., an iron-chromium-aluminum alloy, carbon, and 
mixtures thereof. However, any suitable material may be employed in the preform. For example, if 
aluminum is employed as the parent metal, and aluminum nitride is the Intended oxidation reaction product, 
aluminum nitride and/or aluminum oxide particles would be examples of suitable materials for the preform; if 
zirconium is employed as a parent metal, and zirconium nitride is the intended oxidation reaction product. 

35 zirconium diboride particles would comprise a suitable composition for a preform; if titanium is employed as 
a parent metal and titanium nitride is the intended oxidation reaction product, a preform comprised of 
alumina and/or titanium diboride particles would be suitable; if tin is employed as a parent metal, and tin 
oxide is the intended oxidation reaction product, a preform comprised of alumina particles would be 
suitable; or if silicon Is employed as the parent metal and silicon nitride is the intended oxidation reaction 

40 product, a preform comprised of silicon nitride particles would be suitable. 

The parent metal particulate should be of a suitable size so as to form voids on inverse replication that 
can contribute to the thermal properties of the ceramic properties but yet not be so large as to impair the 
structural strength or integrity of the product Thus, a particle size for the parent metal of about 297 to 30 
urn (50 to 500 mesh), preferably 149 to 55 urn (100 to 250 mesh), is useful. Suitable fillers may have a 

45 particle size of from about 2000 urn to 12 urn (10 to 1000 mesh) or even finer, or an admixture of particle 
sizes and types may be used. The terms "particulate" or "particle" with respect to the filler is used broadly 
to include powders, fibers, whiskers, spheres, platelets, agglomerates, and the like. The preform may be 
charged to a preheated furnace, supplied with an oxidant, such as. for example, air, that is at the process 
temperature. Where desired, the preform may be heated slowly or relatively rapidly (with due consideration 

50 for the creation of thermally induced stress) to or within the process temperature region, which is above the 
melting poirit of the parent metal but below the melting point of the oxidation reaction product. For example, 
in the case of aluminum parent metal and using air as oxidant, this temperature typically occurs over the 
range of from about 850-1 450 'C. and more preferably of between about 900-1 350 'C. 

Alternatively, the assemblage of parent metal and filler may be reactive comprising a filler which reacts 

55 with the parent metal. That is, the reactive filler contains a metal constituent, e.g. silicon dioxide or boron, 
reducible by the molten parent metal under the process conditions. The preform may be comprised entirely 
of the reactive filler, or this filler may be a combination of or more inert filler materials. For example, a 
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composite ceramic article may be made by blending aluminum parent metal particulate with a silica- 
containing particulate filler, such as hydrous aluminosilicate clays, and conducting the process in air at 
about 900-1 200 'C. 

The parent metal in this embodiment is selected with several factors borne in mind. It must be present 
5 volumetrtcally not only In excess relative to its oxidation reaction product to the potentially available spatial 
volume of the preform, but in stoichiometric excess over that of the reactive constituent of the filler. This 
excess ensures a sufficient volume of parent metal to undergo reaction with the filler and maintain a 
residual quantity for the oxidation reaction to form the oxidation reaction product on the surface of the 
preform. The filler is chosen to be reactive with the parent metal in an oxidation-reduction reaction. Thus, 
70 the filler is comprised of a reactive constituent, typically a metal-containing constituent such as the silica 
constituent in clays, reducible by the molten parent metal to yield an oxidation-reduction product substan- 
tially throughout the bulk of the preform. Accordingly, although there are numerous candidates for the 
parent metal and numerous candidates for the filler material, the two must be coordinated to meet these 
functional objectives. 

76 In this particular preferred embodiment, the preform comprising the reactive assemblage is heated to 
initiate the oxidation-reduction reaction prior to any substantial atmospheric oxidation of the aluminum 
component. Accordingly, slowly heating the preform in an atmosphere containing the oxidant is to be 
avoided. The preform is charged to a fumace preheated to the process temperature range. Once the 
oxidation-reduction reaction is initiated, it tends to be self-sustaining as it is exothermic, and therefore the 

20 temperature of the preform may rise somewhat. The oxidation-reduction reaction proceeds rapidly and 
substantially throughout the bulk of the preform, to develop an article at this stage which is composed of the 
oxidation-reduction product, reduced constituents of the reactive filler, and residual parent metal which is 
available for the oxidation reaction with the vapor-phase oxidant. At the conclusion of the oxidation-reduction 
reaction, where at least the majority of the weight change occurs, the procedure is continued as described 

25 above with regard to the growth of oxidation reaction product and the formation of a dense skin. The pores 
of the preform are filled with oxidation reaction product thereby resulting in the concomitant formation of 
voids, and residual parent metal is transported through the reaction product to the surface to form upon 
oxidation reaction the desired dense surface layer. 

In this alternate embodiment, therefore, the heatingprocess is essentially a two-stage procedure. The 

30 first stage raises the temperature to a reaction-effective temperature to initiate the oxidation-reduction 
reaction, and the second stage Induces and maintains the transport of molten metal through the developing 
oxidation reaction product to form the dense surface layer. Preferably, this heating staget is isothermal 
notwithstanding the presence of the identifiable stages or steps; isothermal in the sense that the tempera- 
ture of the furnace (as distinguished from the temperature of the preform) remains substantially constant. 

35 Here again, the volume percent of metallic constituents in the ceramic product can vary, and further can 
be tailored to meet, the desired end-use properties. Typically, the final product comprises about 20-40 
volume percent metallic constituents, and preferably 25-35%. Also, the dense skin would be a small fraction 
of the overall volume of the product, as explained above. 

Certain parent metals under specific conditions of temperature and oxidizing . atmosphere meet the 

40 criteria necessary for the oxidation phenomenon of the present invention with no special additions or 
modifications. However, as described in the aforesaid Commonly Owned Patent Applications, dopant 
materials used in combination with the parent metal can favorably influence or promote the oxidation 
reaction process. While not wishing to be bound by any particular theory or explanation of the function of 
the dopants, it appears that some of them are useful in those cases where appropriate surface energy 

46 relationships between the parent metal and its oxidation reaction product do not intrinsically exist. Thus, 
certain dopants or combinations of dopants, which reduce the solid-liquid interfacial energy, will tend to 
promote or accelerate the development of the polycrystalline structure formed upon oxidation of the metal 
into one containing channels for molten metal transport, as required for the process of the present invention. 
Another function of the dopant materials may be to initiate the ceramic matrix growth phenomenon. 

60 apparently either by serving as a nucleating agent for the formation of stable oxidation product crystallites, 
or by disrupting an initially passive oxidation product layer in some fashion, or both. This latter class of 
dopants may not be necessary to create the ceramic growth phenomenon of the present invention, but such 
dopants may be important in reducing any incubation period for the initiation of such growth to within 
commercially practical limts for certain parent metal systems. 

55 The function or functions of the dopant material can depend upon a number of factors other than the 
dopant material itself. These factors include, for example, the particular combination of dopants when two or 
more dopants are used, the use of an externally applied dopant in combination with a dopant alloyed into 
the parent metal, the concentration of the dopant, the oxidizing environment, and the process conditions. 
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The dopant or dopants used in conjunction with the parent metal (1) may be provided as alloying 
constituents of the parent metal. (2) may be applied to at least a portion of the surface of the parent metal 
constituents of the preform, or (3) may be applied or supplied by the filler or a part of the filler, or any 
combination of two or more techniques of (1), (2), and (3) may be employed. For example, an alloyed 
5 dopant may be used in combination with an externally applied dopant. In the case of technique (3). where a 
dopant or dopants are applied to or constitute the filler, the application may be accomplished In any suitable 
manner, such as by dispersing the dopants throughout part or the entire mass of the preform as coatings or 
in particulate form, preferably in a portion of the filler adjacent the parent metal. Application of any of the 
dopants to the preform may also be accomplished by applying a layer of one or more dopant materials to 

70 and within the preform, including any of its internal openings, interstices, passageways, intervening spaces, 
or the like, that render it permeable. In the case where the dopant is externally applied to at least a portion 
of the surface of the parent metal constituents of the preform, the polycrystalline oxide structure generally 
grows within the permeable filler substantially beyond the dopant layer (i e-. to beyond the depth of the 
applied dopant layer). In any case, one or more of the dopants may be externally applied to the parent 

75 metal constituents' surface and/or to the permeable filler. Additionally, dopants alloyed within the parent 
metal and/or externally applied to the surface of the parent metal constituents may be augmented by 
dopant(s) applied to or constituted by the preform. Thus, any concentration deficiencies of the dopants 
alloyed within the parent metal and/or externally applied to the parent metal may be augmented by 
additional concentration of the respective dopant{s) applied to or constituted by filler, and vice versa. 

20 Useful dopants for an aluminum parent metal, particularly with air as the oxidant, include, for example, 
magnesium metal and zinc metal, in combination with each other or in combination with other dopants 
described below. These metals, or a suitable source of the metals, may be alloyed into the aluminum-based 
parent metal at concentrations for each of between about 0,1-10% by weight based on the total weight of 
the resulting doped metal. The concentration range for any one dopant will depend on such factors as the 

25 combination of dopants and the process temperature. Concentrations within this range appear to initiate the 
ceramic growth, enhance metal transport and favorably influence the growth morphology of the resulting 
oxidation reaction product. 

Additional examples of dopant materials, useful with an aluminum parent metal, include sodium, lithium, 
calcium, boron, phosphorus and yttrium, which may be used individually or in combination with one or more 

30 other dopants depending on the oxidant and process conditions. Sodium and lithium may be used in very 
small amounts in the parts per million range, typically about 100-200 parts per million, and each may be 
used alone or together, or in combination with other dopant(s). Rare earth elements such as cerium, 
lanthanum, praseodymium, neodymium and samarium are also useful dopants, and herein again especially 
when used in combination with other dopants. 

35 As disclosed in EP-A-245 193 (not prepublished) a barrier means may be used to inhibit growth or 
development of the oxidation reaction product beyond the initial surface of the barrier. This facility can be 
employed to prevent dense skin formation at surfaces of the preform where such skin would be undesirable, 
and therefore provides the capacity to develop the dense skin selectively on the surface of the preform. A 
barrier means would typically only be utilized in combination with a vapor-phase oxidant, since otherwise 

40 selective control of dense skin formation on the surface of the preform can be easily controlled by 
positioning the availability of an oxidant such as a solid or liquid oxidant. Suitable barrier means may be any 
material, compound, element, composition, or the like, which, under the process conditions of this invention, 
maintains some integrity, is not volatile, and preferably is permeable to the vapor-phase oxidant while being 
capable of locally inhibiting, poisoning, stopping, interfering with, preventing, or the like, continued growth of 

45 oxidation reaction product. Calcium sulfate (Plaster of Paris), calcium silicate, and portland cement and 
mixtures thereof, typically are applied as a slurry or paste to the surface of the filler material. These barrier 
means also may include a suitable combustible or volatile material that is eliminated on heating, or a 
material which decomposes on heating, in order to increase the porosity and permeability of the barrier 
means. Still further, the barrier means may include a suitable refractory particulate to reduce any possible 

50 shrinkage or cracking which otherwise may occur during the process. Such a particulate having substan- 
tially the same coefficient of expansion as that of the filler bed is especially desirable. For example, if the 
preform comprises alumina and the resulting ceramic comprises alumina, the barrier may be admixed with 
alumina particulate, desirably having a particle size of about 840 to 12 um (20-1000 mesh). 

55 
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Example 1 

A ceramic composite piston engine exhaust port liner bearing a porous core and dense skin was 
fabricated according to tlie present invention as follows: 

s Alumina slip was prepared by mixing 245 parts of A-17 alumina (Alcoa) with 60 parts of water In a shear 

blender. Seven drops of Darvan-7 per 300 g batch (R. T. Vanderbilt Co.. Norwalk, CT 06855) were slowly 
added to disperse alumina. Blending was continued for 2 hours to obtain a good slip. The slip was stored 
on a pair of rolls to keep it continuously agitated. The slip was placed in a freezer before siipcasting to cool 
it to zero degrees centigrade. Cooling of the slip minimized the reaction between aluminum alloy powder 

10 (used as parent metal in this example) and water. After the slip has cooled to O'C it is taken out of the 
freezer and 126 parts of < 74 um (-200 mesh) aluminum alloy powder (per compositions shown In Table A) 
added to it and mixed for about 20 seconds. The slip containing aluminum alloy parent metal powder was 
immediately poured into a plaster of paris mold whose cavity was shaped to the configuration of a piston 
engine exhaust port liner, and drained in about 40 seconds to yield a 3.6 mm thick preform. The preform 

76 was released from the mold and dried in an oven at SCO for 24 hours. The preform underwent less than 
1% shrinkage during siipcasting and drying: The preform was subsequently heated in air to 1000 'C in 12 
hours and held at the temperature for 30 hours. The temperature was then raised to 1 300 "C in 6 hours and 
the body was held at 130p' C for 12 hours. The temperature was then brought down to room temperature in 
20 hours. 

20 The resulting composite exhaust port liner which formed showed a uniform 0.2-0.3 mm thickness of 
dense skin on both inside and outside surface together with a porous core wall. A photograph of the 
resulting exhaust port liner structure is shown in Fig. 1. The preform gained 16.7% weight during the firing 
cycle due to oxidation of the parent metal by air. The thickness of the part increased from the preform 
stage to finished part by 3.6 to 4.6 mm. 
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A cross-section of a wall of the dense-skinned, porous core composite port liner appears as Figure 2. 
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Example 2 

This example shows the formation of a dense skin in a body produced from a slip containing reactive 
filler (EPK kaolin) employed with an aluminum parent metal powder. 

Seventy parts EPK kaolin (Feldspar Corporation, Edgar. Florida) were mixed with 30 parts of water in a 
blender and mixed at a high shear rate for 2 hours. About 12 drops of Darvan-7 were added per 300 g 
batch for dispersing kaolin. Once the slip was prepared, 100 parts of the slip were mixed with 70 parts of 
149-177u.m (-80 +100 mesh) aluminum alloy powder (same composition as 74-1 77um (-80 + 200 mesh) 
powder in Example 1) for 20 seconds. The slip was cast on a flat plaster of paris disc to form a 3-4 mm 
thick disc of 2.54 cm (1 ") diameter. The slip cast piece was dried at 80" C for 24 hours and fired in furnace 
at lOOO'C in air for 24 hours. The heating and cooling times were about 1 hour. After firing, the sample 
showed a porous Interior consisting of a porous core having pores of the approximate size and shape as the 
precursor aluminum alloy powder, with a dense skin. The thickness of the dense skin was about 0.2 mm. X- 
ray analysis indicated that the body contained alpha-Ab O3 .Si and an aluminum alloy. 

A photomicrograph showing a cross-section of the resulting composite k>ody appears as Figure 3. 

Example 3 

This example shows that the dense skin formation is not dependent on particle size of the parent metal 
powder. An alumina slip was prepared by mixing 245 parts of A-17 and 60 parts of water in a shear blender. 
Seven drops of Darvan-7 (R. T. Vanderbilt Co., NonA^aik, CT 06855) per 300 g batch were added to disperse 
alumina. Blending was continued for 2 hours to obtain a good consistency in the slip. The slip was stored 
on a pair of rolls to keep it agitated. The slip was placed in a freezer before slipcasting to cool it to O'C. 
Once the slip was cooled to 0 * C it was taken out of the freezer and divided into three batches. Aluminum 
alloy powders (126 parts of the aluminum alloy powder to 300 parts of the slip) of three different particle 
size < 74um, 74jLLm-177um. 149-77um (-200 mesh. -80 + 200 mesh. -80 + 100 mesh, same compositions as 
per Example 1) were added to separate batches to serve as parent metal. The slips with aluminum powders 
were mixed, for 20 seconds and slipcast In a plaster of paris mold for an exhaust port liner. The slip was 
drained in 40-70 seconds. The slipcast preforms were released from the mold and dried at 80 • C for 24 
hours. The preforms were loaded in a furnace and the temperature raised to 1000*C in 12 hours. The 
temperature was held at 1 000 'C for 20 hours and, subsequently, raised to 1300* C in 6 hours. After holding 
at 1300*C for 12 hours, the temperature was brought down to room temperature in 20 hours. Table B 
summarizes the results of the experiment. Rg. 4 shows the photograph of the exhaust port liners made. 
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Example 4 

This example shows that the proportion of parent metal alloy to filler is important for the dense skin 
formation. Two slips, one containing alumina (A-17, Alcoa) and the other containing EPK kaolin (Feldspar 
Corporation, Edgar, Florida 32049) were prepared. The alumina slip was prepared by blending 245 parts of 
A-17 In 60 parts of water. The alumina was dispersed using 7 drops/300 g batch of Darvan-7 (R. T. 
Vanderbilt Co., Norwalk, CT). The EPK slip was prepared by blending 70 parts of EPK with 30 parts of 
water. This slip also used Darvan-7 as the dispersant (12 drops/300 g batch). The slips were blended for 
about 2 hours at high shear rate and subsequently transferred to a pair of rolls where they were kept 
agitated. Just before slipcasting. an aluminum parent metal alloy powder [as per 74-1 77um (-80 + 200 
mesh) batch of Example 1] was mixed with the slips and the slips were immediately cast in plaster of paris 
molds and drained after 40 seconds to form a preform 3-4 mm in thickness. The proportion of aluminum 
alloy powder and the firing temperatures are shown in Table C. 
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It was found that when the proportion of parent metal alloy powder was 29% (of the total weight of 
solids) in the alumina slip no dense skin formed while a uniform dense skin formed when a slip containing 
34% metal powder of the same alloy was fired in an identical way. 

Similar phenomenon was observed In EPK-containing slips. When the proportion of parent metal alloy 
powder was 43.4% (of the total weight of solids) no skin was formed. The body had a spotty appearance. 
Whereas when a slipcast body containing 50% of the same parent alloy powder was fired under identical 
conditions but for shorter times (2 hours vs. 1/3 hours) a uniform, dense skin was formed. 

Example 5 

This example shows that the dense skin formation takes place in pressed preforms as well, and that 
therefore method of forming the preforms (e.g. slipcasting in previous examples vs. pressing in this 
example) is not critical to the development of the dense skin layer. 

In this case 66% of A-17 alumina (Alcoa) was mixed separately with aluminum parent metal alloy 
powders (same alloy as per Example 1) of two size ranges. < 74um (-200 mesh) and 74-1 77um (-80 + 200 
mesh). The mixing was candied out in a mortar and pestle for 30 minutes until a uniform mixture was 
obtained. These mixtures were pressed in a steel die set into 1.27cm (1/2") thick, 2.54cm (1") diameter 
pellets at 68.95 MPa (10,000 psi) without any binders. The bodies were subsequently placed on a refractory 
alumina slab and fired. The firing schedule consisted of raising the temperature of the bodies to 1000'C in 
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12 hours, holding at 1000* C, raising the temperature to 1300* C in 6 hours, holding for 12 hours at 
1300'C, and cooling to room temperature in 20 hours. The results of this study are given in Table D. 
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Example 6 

This example shows that dense skin forms in cases where a ceramic body contains more than one 
ceramic phase and is a further example of employing reactive filler in the preform. 

In this case, cerium zirconate and lithium zirconate (-200 mesh. Electronic Space Products. Interna- 
tional, Westlake. CA 91362) were separately mixed in predetermined proportions (shown in Table E) with 
aluminum alloy parent metal powder (same alloy as Example 1). The mixtures were mixed thoroughly in an 
agate mortar for 1/2 hour. They were subsequently pressed into pellets of 2,54cm (1") diameter in a 
mechanical press at 68,95 MPa (10,000 psi) without any lubricant. The preformed pellets were subsequently 
fired in air. The firing cycle consisted of raising the temperature of the furnace to 1000'C in 12 hours, 
holding the temperature at 1000'C for 24 hours, raising the temperature from 1000 to 1300*C in 6 hours, 
holding at 1300* C for 12 hours, and cooling from 1300 • C to room temperature in 20 hours. 
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The results of these studies are shown in Table E. 
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55 It was found that a gray skin of alpha-alumina containing some metal (see micrograph Fig. 5) was 
formed both when mixture contained 34 and 50% parent aluminum alloy powder of two size range and 
cerium zirconate were fired. The interior of the bodies was very porous and contained no detectable (by X- 
ray diffraction) amounts of either aluminum or silicon. The composite bodies produced using cerium 



20 



EP 0 261 050 B1 

zirconate in the preform were found to have Aipha-AbOs, Ce 752r.2502 and tetragonal zirconia, while those 
prepared using Li2Zr03 in the preform were formed to have gamma-Li AIO2. monoclinic 2r02 and LiAlsOa in 
the end product. 

5 Example 7 

This example shows that formation of the dense skin can be selectively developed on the composite 
body by using a barrier material which prevents unwanted skin growth on selected surfaces of the preform 
under the experimental conditions. 

70 In this experiment, two identical preform bodies intended as piston engine exhaust port liners were 
prepared using a procedure outlined in Example 3. Both of these ports contained 34% < 74um (-200 mesh) 
aluminum alloy powder <same alloy as per Example 1). One of the preforms was coated with a slurry 
consisting of plaster of pans and 30% 17um (500 grit) silica, which serves as a barrier to growth of the skin 
due to the inability of the aluminum alloy to wet this material. The coating was applied to the inner surface 

75 of the preform while the outer surface was not coated. For the second preform body, none of the surfaces 
was coated with the above barrier material. Both of these bodies were set on a refractory alumina plate and 
fired in air. The firing consisted of raising the temperature to 1000'C in 18 hours, holding the temperature 
at 1000'C for 20 hours, and cooling the furnace back to room temperature in 10 hours. After firing it was 
found that the first preform yielded a porous body which had dense uniform skin on the outer surface which 

20 had not been coated with the barrier, while no skin developed on the inner surface which was coated with 
the barrier. The control preform body which had no barrier on either surface showed dense and uniform 
skin on both surfaces and a porous core. 

Example 8 

25 

This example illustrates that a port liner produced with dense skin is strong enough to survive the 
stresses during the process of casting an aluminum alloy around it, as might be desirable in producing an 
engine cylinder head. 

In order to make a port liner with a dense skin, 245 parts of A-17 alumina were mixed 60 parts of water 

30 in a blender at a high shear rate. Seven drops of Darvan-7 per 300 g batch were gradually added to the 
slurry -while mixing continued. The slurry was mixed for 2 hours and. subsequently, transferred to a pair of 
rolls where it was kept agitated continuously. Before slipcasting. slip was transferred to a freezer to cool it 
down to O'C. Once the 'slip was cooled it was mixed with 135 parts of 149-177um (-80 + 100 mesh) 
aluminum powder [per 74-1 77um (-80 + 200 mesh) batch of the alloy from Example 1] for 20 seconds. The 

35 slip was cast immediately in a plaster of paris mold and drained in 40 seconds. The process yielded a 
preform of 3.8 mm thickness and 39.2 mm outer diameter. The preform was released from the mold and 
dried at 80*C for 24 hours. The dried preform was set on a refractory alumina plate and fired In air. The 
firing process consisted of raising the temperature of the furnace to 1000*C In 12 hours, holding at 1000'C 
to 1300*C in 6 hours, holding at 1000*0 for 48 hours, raising the temperature from 1300"C for 12 hours, 

40 and cooling the furnace from 1300*C to room temperature in 20 hours. 

After firing, the resulting ceramic composite port liner was found to have a dense skin 0.2 to 0.3 mm in 
thickness, on both inside and outside surfaces. The diameter of the port had increased from 39.2 to 39.9 
mm. while the thickness had increased from 3.8 to 4.4 mm. 

This ceramic composite was then preheated to 400 ' C and set in a steel mold. Molten aluminum alloy 

45 or nominally the same composition as In Example 1 was then poured around the port at 700 • C. The casting 
was allowed to cool and, subsequently, released from the mold. Figure 6 shows the metal casting with 
exhaust port liner in place. The exhaust port liner was not cracked or deformed, indicating that the exhause 
port liner was strong enough to withstand the stresses during the casting process. 

50 Claims 

1. A method for making a self-supporting ceramic composite article having a porous core bearing a dense 
ceramic surface layer formed integrally with said core, comprising the steps of 

a) preparing a preform comprising a filler material and 3 parent metal distributed through said filler 
55 materials wherein the volume percent of parent metal is sufficient to form a volume of oxidation 

reaction product which exceeds the total spatial volume available within said preform; 

b) melting said parent metal in the presence of an oxidant and reacting the resultant molten parent 
metal on contact therewith to form an oxidation reaction product; 
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c) transporting said molten parent metal through said oxidation reaction product towards said oxidant 
to continue forming oxidation reaction product within said preform, thereby substantially filling said 
total spatial volume, and concurrently forming voids substantially throughout said preform which at 
least partially inversely replicate the geometry of said parent metal; 
5 d) continuing said reaction for a time sufficient to further transport molten parent metal through said 

oxidation reaction product towards said oxidant and to at least one surface of said preform to form a 
dense surface layer comprising an oxidation reaction product on said at least one surface, said 
dense surface layer being substantially free of voids: and 
e) recovering said ceramic composite article. 

2. The method according to claim 1 wherein said oxidant includes a vapor-phase oxidant. 

3. The method according to claim 2 wherein said vapor-phase oxidant is selected from the group 
consisting of air, oxygen, nitrogen, and forming gas. 

4- The method according to any of claims 1 , 2 or 3 wherein said filler material is substantially nonreactive 
under the process conditions. 

5. The method according to any of the foregoing clainns wherein said preform includes a reactive filler 
20 having a metallic compound constituent which is reducible by said molten parent metal in an oxidation- 
reduction reaction, said parent metal being present in said preform in a stoichiometric excess over said 
metallic compound constituent, said method further comprising the step of heating said preform to a 
reaction-effective temperature to initiate said oxidation-reduction reaction and in the absence of any 
substantial atmospheric oxidation of said parent metal prior thereto to form an oxidation-reduction 

25 product substantially throughout said preform. 

6. The method according to any of the foregoing claims wherein said preform is a generally shape- 
sustaining preform having an available total spatial volume of at least about 5%. 

30 7. The method of claim 6 wherein said available total spatial volume is in the range of from about 25% to 
about 45%. 



8. The method of claim 5 or claim 6 wherein said parent metal Is selected from the group consisting of 
aluminum, silicon, titanium, tin, zirconium and hafnium. 

35 

9. The method according to any of the foregoing claims wherein said filler includes a constituent selected 
from the group consisting of the oxides, nitrides or carbides of aluminum, silicon, tin, copper, zinc, iron, 
nickel, chromium, zirconium, hafnium, titanium, cobalt, tungsten, and mixtures thereof. 

40 10. The method of any of the foregoing claims wherein said parent metal comprises aluminum and further 
includes a dopant source associated therewith, said dopant source being selected from the group 
consisting of magnesium, zinc, silicon, germanium, tin, lead, boron, sodium, lithium, calcium, phos- 
phorus yttrium, the rare earth metals, and mixtures thereof. 

45 11. The method of any of the foregoing claims wherein a barrier material is applied to a portion of the 
surface of said preform, preventing or reducing the formation of said dense surface layer thereto. 

12. The method of claim 11 wherein said parent metal is aluminum, said oxidant includes air. and said 
barrier material includes ingredients selected from the group consisting of calcium sulfate, calcium 

50 silicate, portland cement, Plaster of Paris, wollastonite and combinations thereof. 

13. The method of any of claims 1 to 3 and 5 to 12 wherein said parent metal is aluminum and said filler 
material includes a reactive metallic compound constituent selected from the group consisting of kaolin, 
a clay, an aluminosilicate, cordierlte, silica, or mullite. 

55 

14. The method of any of the foregoing claims wherein said oxidant Includes a source of boron as solid 
oxidant. 
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15. A method as claimed in any of the foregoing claims wherein the formation of the oxidation reaction 
product is conducted so that said dense surface layer comprises about 5 to 15% of the wall thickness 
of said self-supporting ceramic composite article. 

16. The method of any of the foregoing claims wherein said formation of the oxidation reaction product is 
conducted so that said ceramic composite article includes at least about 5 volume percent metallic 
constituents. 

17. The method of any of the foregoing claims wherein the formation of the oxidation reaction product is 
conducted so that the thickness of the dense surface layer is about 0.1 to 1 ,0 millimeters. 

18. The method of any of the foregoing claims including the further step of casting at least a portion of said 
ceramic composite article within a metal. 

19. The method of any of the foregoing claims wherein the self supporting ceramic composite article made 
is a hot zone component of a heat engine. 

20. The method of claim 19 wherein said hot zone component is selected from the group consisting of a 
combustion chamber liner, a cylinder liner, a piston cap, an exhaust port liner, an exhaust manifold or a 
turbocharger housing and wherein said preform is a preform for one of said hot zone components. 

21. A self-supporting ceramic composite article having a porous core bearing a dense surface layer as 
obtained by a method according to any of the foregoing claims 1 to 20. 

22. A ceramic composite article according to claim 21 wherein the thermal conductivity in a direction 
perpendicular to the dense surface layer Is lower than the thermal conductivity in a direction parallel to 
the surface of the article. 

23. A self-supporting ceramic composite article comprising an integral ceramic surface layer which is more 
dense than the core of said ceramic composite article and wherein said integral ceramic surface layer 
comprises an oxidation reaction product of a parent metal. 

24. A ceramic composite article according to claim 23 wherein said surface layer comprises at least one 
filler material embedded in said oxidation reaction product. 

Revendications 

1. Proced^ de production d'un article composite ceramique auto-portant ayant un noyau poreux portant 
une couche de surface ceramique dense faisant corps avec ledit noyau, comprenant les Stapes qui 
consistent : 

a) a preparer une pr^forme comprenant une charge et un m6tal-mere distribue dans ladite charge, le 
pourcentage en volume du m^tal-m§re 6tant suffisant pour former un volume de produit reactionnel 
d'oxydation qui d§passe le volume spatial total disponible dans ladite preforme ; 

b) k farre fondre le m^tal-mere en presence d'un oxydant et a faire reagir le metal-mere fondu 
resultant au contact de I'oxydant pour former un produit reactionnel d*oxydation ; 

c) ^ transporter ledit m6tal-m§re fondu h travers le produit reactionnel d'oxydation en direction de 
I'oxydant de mani^re h poursuivre la formation du produit reactionnel d'oxydation dans ladite 
preforme, afin de remplir ainsi pratiquement le volume spatial total, et h former en meme temps des 
vides pratiquement dans toute ladite preforme qui sont au moins en partie la replique inverse de la 
geometrie dudit metaf-mdre ; 

d) a poursuivre ladite reaction pendant une duree suffisante pour transporter encore du metal-mere 
fondu a travers ledit produit reactionnel d'oxydation en direction dudit oxydant et au moins jusgu'^ 
une surface de ladite preforme pour constituer une couche de surface dense comprenant un produit 
reactionnel d'oxydation sur ladite surface, cette couche superficielle dense etant pratiquement 
depourvue de vides ; et 

e) k recueillir ledit article composite ceramique. 

2. Precede suivant la revendication 1, dans lequel ledit oxydant comprend un oxydant en phase vapeur. 
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3. Proc666 sulvant la revendication 2. dans lequel Toxydant en phase vapeur est choisi entre I'air, 
I*oxyg§ne, I'azote et un gaz inerte protecteur. 

4- Procede suivant Tune quelconque des revendications 1. 2 ou 3, dans lequel la charge est pratiquement 
6 non reactive dans les conditions op^ratoires. 

5. Procddd sulvant Tune quelconque des revendications precedentes, dans lequel la preforme comprend 
une charge reactive ayant pour constltuant un compose metallique qui est reductible par ledit metal- 
mbre fondu dans une reaction d'oxydo-r^duction, ledit metal-mere §tant present dans ladite preforme 
70 en exces stoechiometrique par rapport au constituant forme d'un compose metallique. ledit precede 
comprenant en outre I'etape de chauffage de ladite preforme h une temperature efficace pour 
d^clencher ladite reaction d'oxydo-r^duction et en Tabsence de toute oxydation atmosph^rlque notable 
dudit m^tal-m^re au pr^alable. pour former un prodult d'oxydoreduction pratiquement dans toute ladite 
preforme. 

»5 

6- Proc4d4 suivant Tune quelconque des revendications precedentes, dans lequel ladite preforme est une 
preforme malntenant generalement sa configuration, ayant un volume spatial total disponible d'au 
molns environ 5 %. 

20 7. Procede suivant la revendication 6, dans lequel le volume spatial total disponible se situe dans la plage 
d'environ 25 % h environ 45 %. 

8. Precede suivant la revendication 5 ou la revendication 6. dans lequel ledit metal-mere est choisi dans 
le groupe comprenant raluminium, le sillcium. le titane, retain, le zirconium et Thafnium. 

25 

9. Precede suivant Tune quelconque des revendications precedentes, dans lequel la charge renferme un 
constituant choisi dans le groupe comprenant les oxydes, nitrures ou carbures d'aluminlum, de silicium, 
d'etain, de cuivre, de zinc, de fer, de nickel, de chrome, de zirconium, d'hafnium, de titane, de cobalt, 
de tungst^ne et leurs melanges. 

30 < 

10. Precede suivant I'une quelconque des revendications precedentes, dans lequel le metal-m6re com- 
prend de raluminium et est en outre en association avec une source de mati^re dopante, ladite source 
de matiere dopante etant choisie dans le groupe comprenant ie magnesium, le zinc, le silicium, le 
germanium, retain, le plomb, le bore, le sodium, le lithium, le calcium, le phosphore, ryttrium. les 

35 metaux de terres rares et leurs melanges. 

11. Procede sulvant I'une quelconque des revendications precedentes, dans fequel une matiere formant 
barriere est appliquee k une portion de la surface de ladite preforme, empechant ou reduisant la 
formation de la couche superficielle dense sur cette surface. 

40 

12. Precede suivant la revendication 11, dans lequel le metal-mere est raluminium. roxydant contient de 
rair et la matiere formant barriere renferme des Ingredients cholsis dans le groupe comprenant le 
sulfate de calcium, le silicate de calcium, le ciment Portland, le platre de Paris, la wollastonite et leurs 
melanges. 

45 

13. Precede suivant rune quelconque des revendications 1 ^ 3 et 5 ^ 12, dans lequel le metal-mfere est 
raluminium et la charge contient comme constituant un compose metallique reactif choisi dans le 
groupe comprenant le kaolin, une argile, un aluminosilicate, la cordierite. la silice ou la mullite. 

50 14. Precede suivant I'une quelconque des revendications precedentes. dans lequel I'oxydant contient une 
source de bore comme oxydant solide. 

15. Procede suivant I'une quelconque des revendications precedentes, dans lequel la formation du produit 
reactionnel d'oxydation est conduite de maniere que la couche superficielle dense constitue environ 5 k 
55 environ 15 % de I'epaisseur de parol dudit article composite ceramique auto-portant 
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16. Proc6d4 suivant Tune quelconque des revendications pr^c^dentes, dans lequel la formation du produit 
r^actionnel d'oxydation est conduite de maniere que Tarticle composite c^ramique contienne au moins 
environ 5 % en volume de constituants metalliques. 

17. Proc6d§ suivant Tune quelconque des revendications pr^c^dentes. dans lequel la formation du produit 
r^actionnel d'oxydation est conduite de maniere que t'^paisseur de la couche superficielie dense soit 
d'environ 0,1 ^ 1 ,0 millimetre. 

18. Proc6d6 suivant Tune quelconque des revendications pr^c^dentes, comprenant en outre T^tape de 
coulee d'au moins une portion dudit article composite ceramique dans un m^tal. 

19. Proc^d^ suivant Tune quelconque des revendications pr^cedentes, dans lequel Particle composite 
ceramique auto-portant r^alis^ est le composant de la zone chaude d'un moteur thermique. 

20. Procede suivant la revendication 1 9. dans lequel le composant de la zone chaude est choisi dans le 
groupe comprenant une garniture de chambre de combustion, une garniture de cylindre. un couvercle 
de piston, une garniture de lumi^re d*6chappement. un collecteur d'^chappement ou un boltier de 
turbocompresseur, et ladite pr^forme est une pr4forme destin^e k Tun desdits composants de zone 
chaude. 

21. Article composite ceramique auto-portant comprenant un noyau poreux porteur d'une couche superfi- 
cielie dense, obtenue par le proc^d^ suivant Tune quelconque des revendications 1 k 20. 

22. Article composite ceramique suivant la revendication 21, dans lequel la conductivity thermique dans 
une direction perpendiculaire k la couche superficielie dense est inf^rieure h la conductivite thermique 
dans une direction parallele h la surface de Tarticle. 

23. Article composite ceramique auto-portant, comprenant une couche superficielie ceramique int4gr4e qui 
est plus dense que le noyau dudit article composite ceramique et dont la couche superficielie 
ceramique intdgr^e comprend un produit reactionnel d'oxydation d'un m^tal-mere. 

24. Article composite ceramique suivant la revendication 23, dans lequel la couche de surface comprend 
au moins une charge noyee dans ledit produit reactionnel d'oxydation. 

PatentansprUche 

1. Verfahren zur Herstellung eines selbsttragenden keramischen Verbundgegenstands mit einem porosen 
Kern, der eine dichte keramische Oberflachenschicht tr§gt, die zusammen mit dem Kern als einheitli- 
ches Ganzes ausgebildet ist, mit den Schritten 

a) Herstellen einer Vorform, die ein Fu 1 1 stoff material und ein Grundmetall umfafit, das in dem 
FOIIstoffmaterial verteilt ist. wobei der prozentuale Volumenanteil des Grundmetalls ausreicht, um ein 
Volumen an Oxidationsreaktionsprodukt zu bilden, das das gesamte Raumvolumen, das innerhalb 
der genannten Vorform zur VerfOgung steht, Obersteigt; 

b) Schmelzen des genannten Grundmetalls in Gegenwart eines Oxidationsmittels und Umsetzen des 
gebildeten schmelzflussigen Grundmetalls im Kontakt damit, um ein Oxidationsreaktionsprodukt zu 

bilden; 

c) Transportieren des genannten schmelzflussigen Grundmetalls durch das Oxidationsreaktionspro- 
dukt zu dem Oxidationsmittel, um die Bildung des Oxidationsreaktionsprodukts innerhalb der 
Vorform fortzusetzen, wodurch im wesentlichen das genannte gesamte Raumvolumen gefDIlt wird 
und gleichzeitig Hohlraume im wesentlichen innerhalb der gesamten Vorform gebildet werden, die 
wenigstens teilweise die Geometrie des genannten Grundmetalls invers replizieren; 

d) Fortsetzen der genannten Umsetzung fur eine Zeit, die ausreicht, weiter schmelzflussiges 
Grundmetall durch das Oxidationsreaktionsprodukt zu dem Oxidationsmittel und zu wenigstens einer 
Oberflache der Vorform zu transportieren. um eine dichte Oberflachenschicht auszubilden, die ein 
Oxidationsreaktionsprodukt auf wenigstens einer OberflSche aufweist, wobei die genannte dichte 
Oberflachenschicht im wesentlichen frei von HohlrSumen ist; und 

e) Gewlnnen des genannten keramischen Verbundgegenstands. 
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2- Verfahren nach Anspruch 1, bei dem das Oxidationsmittel ein Dampfphasen-Oxidatlonsmittel ein- 
schliefit. 

3. Verfahren nach Anspruch 2, bei dem das Dampfphasen-Oxldationsmittel aus der Gruppe ausgewahit 
5 ist. die aus Luft, Sauerstoff. Stickstoff und Formiergas besteht. 

4, Verfahren nach irgendelnem der Anspruche 1, 2 oder 3. bei denr^ das Failstoffmaterial unter den 
Verfahrensbedingungen im wesentlichen nicht reaktiv ist. 

10 5. Verfahren nach irgendeinenn der vorausgehenden Anspruche, bei dem die Vorform einen reaktiven 
Fullstoff einschlieCt, der einen Metallverbindungs-Bestandteil aufweist, der durch das genannte 
schmelzflussige Grundmetall in einer Oxidations-Red uktions-Reaktion reduzierbar ist. wobei das Grund- 
metall in der Vorfomn in einem stSchiometrischen OberschuB Ober den genannten Metallverbindungsbe- 
standteil vorhanden ist, wobei das Verfahren auBerdem die Stufe des Erhitzens der Vorform auf eine fur 

75 eine Reaktion wirksame Temperatur umfaCt, um die genannte Oxidations-Reduktions-Reaktion in 

Abwesenheit irgendeiner nennenswerten vorausgehenden atmospharischen Oxidation des Grundmetalls 
einzuleiten, um ein Oxidations-Reduktions-Produkt im wesentlichen innerhalb der gesamten Vorform 
auszubilden. 

20 6. Verfahren nach irgendeinem der vorausgehenden Anspruche, bei dem die Vorform eine im wesentli- 
chen die Form beibehaltende Vorform mit einem gesamten verfugbaren Raumvolumen von wenigstens 
etwa 5 % ist. 

7. Verfahren nach Anspruch 6, bei dem das genannte verfOgbare gesamte Raumvolumen im Berelch von 
25 etwa 25 bis etwa 45 % liegt. 

a Verfahren nach Anspruch 5 oder Anspruch 6. bei dem das Grundmetall ausgewahit ist aus der Gruppe. 
die aus Aluminium. Silicium, Titan, Zinn, Zirkonium und Hafnium besteht. 

30 9. Verfahren nach irgendeinem der vorausgehenden Anspruche. bei dem der genannte FOIIstoff einen 
Bestandteil einschliefit, der ausgewShlt ist aus der Gruppe, die aus den Oxiden, Nitriden oder Carbiden 
von Aluminium. Silicium. Zinn, Kupfer, Zink, Eisen. Nickel, Chrom. Zirkonium. Hafnium, Titan, Kobalt, 
Wolfram und Mischungen davon besteht. 

35 10. Verfahren nach irgendeinem der vorausgehenden AnsprOche, bei dem das genannte Grundmetall 
Aluminium umfaBt und auiSerdem eine damit assoziierte Dotierungsmittelquelle einschlieBt. wobei die 
Dotierungsmittelquelle aus der Gruppe ausgewShlt ist, die aus Magnesium. Zink. Silicium, Germanium, 
Zinn. Blei. Bor, Natrium. Lithium. Calcium. Phosphor, Yttrium, den Seltenerdmetallen und Mischungen 
davon besteht. 

40 

11. Verfahren nach irgendeinem der vorausgehenden Anspruche, bei dem auf einen Bereich der Oberfla- 
che der Vorform ein Sperrschichtmaterial aufgebracht wird, das die Bildung der genannten dichten 
Oberflachenschicht darauf verhindert oder vermindert. 

45 1Z Verfahren nach Anspruch 11, bei dem das genannte Grundmetall Aluminium ist, das genannte 
Oxidationsmittel Luft einschlieiSt und das genannte Sperrschichtmaterial Bestandteile einschliefit. die 
aus der Gruppe ausgewahit sind, die aus Caiciumsulfat. Calciumsilicat, Portlandzement, gebranntem 
Gips, Wollastonit und Kombinatibnen davon besteht. 

50 13. Verfahren nach irgendeinem der AnsprOche 1 bis 3 und 5 bis 12, bei dem das genannte Grundmetall 
Aluminium ist und das genannte FQIIstoffmaterial einen reaktiven Metallverbindungsbestandteil ein- 
schliem. der aus der Gruppe ausgewShlt Ist, die aus Kaolin, einem Ton, einem Aluminosilicat, Cordierit, 
Sillciumoxid oder Mullit besteht. 

55 14. Verfahren nach irgendeinem der vorausgehenden Anspruche, bei dem das genannten Oxidationsmittel 
eine Borquelle als testes Oxidationsmittel einschliefit. 
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15. Verfahren nach irgendeinem der vorausgehenden Anspruche, bet dem die Bildung des Oxidationsreak- 
tionsprodukts so durchgefOhrt wird. dafi die genannte dichte Oberflachenschlcht etwa 5 bis 15 % der 
Wanddlcke des selbsttragenden keramischen Verbundgegenstands ausmacht. 

16. Verfahren nach irgendeinem der vorausgehenden Anspruche. be! dem die genannte Bildung des 
Oxidationsreaktionsprodukts so durchgefuhrt wird, 6aB der keramische Verbundgegenstand wenigstens 
etwa 5 Volumen-% metallische Bestandteile einschlieBt. 

17. Verfahren nach irgendeinem der vorausgehenden AnsprOche, bei dem die Bildung des Oxidationsreak- 
tionsprodukts so durchgefuhrt wird, da/3 die Dicke der dichten Oberflachenschicht etwa 0.1 bis 1.0 mm 
betragt. 

18. Verfahren nach irgendeinem der vorausgehenden Anspruche. das die weitere Stufe des Eingiefiens 
wenigstens eines Teils des keramischen Verbundgegenstands mit einem Metall umfafit. 

19. Verfahren nach irgendeinem der vorausgehenden AnsprUche. bei dem der hergestellte selbsttragende 
keramische Verbundgegenstand ein HeiBzonen-Bauteil einer WSrmekraftmaschine ist. 

20. Verfahren nach Anspruch 19. bei dem das genannte Heifizonen-Bauteil aus der Gruppe ausgewahit ist, 
die aus einer Brennkammerauskleidung, einer Zylinderauskleidung. einem Kolbendeckel, einer Auspuff- 
auskleidung, einem Auspuffverteiler Oder einem Turboladergehause besteht und bei dem die Vorform 
eine Vorform fur eines der genannten HeifizonenBauteile ist. 

21. Ein selbsttragender keramischer Verbundgegenstand mit einem porosen Kern, der eine dichte Oberfla- 
chenschicht trSgt, wie er nach einem Verfahren nach irgendeinem der vorausgehenden Anspruche 1 
bis 20 erhalten wird. 

22. Ein keramischer Verbundgegenstand nach Anspruch 21, bei dem die thermische LeitfSihigkeit in einer 
Richtung senkrecht zu der dichten Oberflachenschicht geringer ist als die thermische LeitfShigkeit in 
einer Richtung parallel zu der Oberflache des Gegenstands. 

- 23. Ein selbsttragender keramischer Verbundgegenstand mit einer als einheitliches Ganzes ausgebildeten 
keramischen Oberflachenschicht, die dichter ist als der Kern des genannten keramischen Verbundge- 
genstands, und bei dem die genannte als einheitliches Ganzes ausgebildete keramische Oberflachen- 
schicht ein Oxidationsreaktionsprodukt eines Grundmetalls umfafit. 

24. Ein keramischer Verbundgegenstand nach Anspruch 23, be\ dem die genannte Oberflachenschicht 
wenigstens ein FOIIstoffmaterial umfaBt. das in das genannte Oxidationsreaktionsprodukt eingebettet ist. 
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FIG. I 
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FIG. 4 
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